This article provides a description of the rationale and processes adopted by the Gulf Coast Health Alliance: Health Risks related to the Macondo Spill consortium to evaluate and communicate the risk of exposure to polycyclic aromatic hydrocarbons (PAHs) in seafood over several years following the Deepwater Horizon disaster and subsequent oil spill. We examined gaps in knowledge associated with PAH toxicity following exposure to petrogenic (oil-derived) PAHs by studying the metabolic fate of PAHs and their potential toxicity using sophisticated analytical methods. Using the data generated, we developed a risk communication strategy designed to meet the needs of the stakeholder communities including a consumption guideline calculator, a web-based tool to reconcile seafood consumption with risk of adverse health effects.
Introduction
The Gulf of Mexico is a rich resource not only for the petrochemical industry but also for both commercial and recreational fishing. Oil and gas extraction represent about $39.8 billion in annual economic activity, 1 while in 2012 alone, commercial fishermen operating in the Gulf Region landed 1.7 billion pounds of finfish and shellfish, representing $763 million in revenue. 2 Likewise, recreational fishing contributes billions of dollars to the Gulf coast state economies. A major oil spill highlights the potential for conflict between these respective economic drivers-as illustrated by the aftermath of the Macondo Deepwater Horizon (DWH) oil spill in 2010, which shut down fishing for weeks to months, depending on location, due to concerns about seafood safety for human consumption. 3, 4 Polycyclic aromatic hydrocarbon
Prior to the DWH disaster, few studies documented the effects of oil spills on human health, and those that exist primarily examined the acute effects and/or mental health symptoms. A review by Aguilera et al. 5 provides an overview of relevant studies. Studies also focused on exposure through consumption of contaminated seafood; for example, studies with mussels contaminated by oil from the tanker Erika in 1999 demonstrated that polycyclic aromatic hydrocarbons (PAHs) could bioaccumulate in seafood and also elicit toxic responses in human cell lines. 6 The PAHs are widespread organic pollutants containing two or more aromatic rings with varying toxicities among the individual PAH compounds (Figure 1 ), although increased toxicity correlates with the more persistent high molecular weight species (those with three or more benzene rings). The PAHs represent between 0.2% and 7% (depending on location) of crude oil, 7 and estimates of the duration of elevated PAH levels in seafood following previous oil spills have ranged from a few weeks to several years. Unsubstituted PAHs alone compromise over 100 different compounds, but many known chemical substitutions on the PAHs substantially increase this number, in particular the oil-derived (petrogenic) PAHs that are heavily alkylated (contain one or more alkyl groups), or become oxygenated due to the weathering of oil.
A major identifiable health risk associated with oil spills is exposure to the petrogenic PAHs. This concern exists because pyrogenic PAHs derived from incomplete combustion of fossil fuels, for example, benzo[a]pyrene (B[a]P), are ranked as Group 1 or known human carcinogens by the International Agency for Research on Cancer. 8 Pyrogenic PAHs also have health effects unrelated to cancer end points and include reproductive and developmental toxicity and immunosuppressive effects.
9 Petrogenic PAHs differ in structure from pyrogenic PAHs due to alkylation and oxygenation and may confer different toxicities. Exposure to petrogenic PAHs can occur occupationally, for example, oil industry workers, clean-up workers, first responders, and fisher folk including those involved in the Vessels of Opportunity program during the DWH disaster; and through entry into the food chain and subsequent consumption of contaminated seafood.
Limits of existing risk assessment methods
A university-community consortium was established that co-created Gulf Coast Health Alliance: health Risks related to the Macondo Spill (GC-HARMS) using community-based participatory research (CBPR) principles to address seafood safety after the DWH oil spill. At that time, regulatory agencies assessed seafood safety by a combination of sensory and chemical methods. Seafood samples that smelled of petroleum were considered unsafe, while batches of seafood that passed this smell test were analyzed further by gas chromatography/mass spectrometry after being spiked with internal standards to correct for losses during sample preparation and analysis. Compounds measured included seven carcinogenic PAHs and five noncarcinogenic PAHs and incorporated representative alkylated derivatives found in the oil. 10 Levels were then summed using a Toxic Equivalency Quotient based on B[a]P (e.g., chrysene which has 1/1000th of the carcinogenicity of B[a]P is given a value of 0.001).
11 When these summed levels dropped below the level-of-concern for B[a]P food safety, fisheries were reopened. There are several weaknesses of the approach. First, the known carcinogenic PAHs are predominately pyrogenic and not present in the oil-spill to begin with. Second, there is substantial disagreement between the level-of-concern for B[a]P in food between U.S. regulatory agencies (U.S. Food and Drug Administration [FDA] limit 35-132 mg B[a]P/Kg for finfish and shrimp) and the European Economic Community (2.0-10 mg B[a]P/Kg for finfish and shrimp). [12] [13] [14] [15] Third, the Toxic Equivalency Quotient for petrogenic PAHs is largely unknown because their toxic properties have not been elucidated. Fourth, many of the alkylated PAHs were not measured as single entities raising concerns about the reliability of the analytical method, and the potential masking of individual PAH congeners thus precluding their detection. Fifth, no oxygenated PAHs were measured as part of the risk assessment. Hence, the current approach, which relies on detecting every PAH congener in a complex mixture and factoring in the Toxic Equivalency Quotient of each congener (if even known) to determine the Level-of-Concern, is apt to underestimate the actual toxicity of PAH mixtures. [16] [17] [18] Petrogenic PAH metabolism
To improve the risk assessment and improve hazard characterization, we measured the metabolism of alkylated and oxygenated petrogenic PAHs present in the oil using commercially available (ATCC) human liver cells (HepG2) and human small intestine cells (CaCO 2 ) to mimic exposure to oil contaminated seafood through ingestion. The alkylated petrogenic PAHs studied were compounds that contained either three rings: 1-methyl-phenanthrene (C1) and 9-ethyl-phenanthrene (C2) 19 ; 1-methyl-7-isopropyl-phenanthrene also known as retene (C4) 20 ; or four rings: 5-methyl-chyrsene (C1)
21
; 6-ethyl-chrysene (C2, where C1 to C4 refers to the number of alkyl groups present) 22 ; and phenanthrene-9,10-dione (an oxygenated petrogenic PAH). 23 Studies were performed using concentrations of petrogenic PAHs detected in the seafood. Profiles of metabolites were detected using high-performance liquid chromatography with photodiode array and fluorescence detection. The identity of metabolites was further established by liquid chromatography-ion trap mass spectrometry; and in some instances with liquid chromatography-Q-Exactive hybrid quadrupole high-resolution mass spectrometry which gave exact mass to 2 ppm. Compounds were further identified by tandem mass spectrometry and/or by reference to authentic synthetic standards.
These studies showed that the petrogenic PAHs were rapidly metabolized (changed into other chemicals), since no starting material could be detected after 24 h. Thus, risk assessment based on the measurement of petrogenic PAHs in human biospecimens (urine or serum) to determine levels of oil exposure in population-based studies represent a flawed strategy. For each of the aforementioned petrogenic PAHs studied, we found evidence for the formation of reactive metabolites that could damage DNA and water soluble metabolites that could be excreted. We also identified unique bifunctional reactive metabolites that have the potential to cross-link protein and DNA. Studies with retene-one of the most abundant PAHs in the Macondo well oil ( Figure 2 )-were most compelling since this petrogenic PAH forms these bifunctional reactive metabolites ( Figure 3 ). The presence of reactive metabolites and their downstream water soluble-and thus readily excretable-metabolites suggests that health effects of petrogenic PAH exposure represents a balance between metabolite toxicity and detoxification processes. Whichever pathway predominates can be influenced by genetic variation in the pathway genes and environmental factors that may affect expression of those genes in the human population. Consequently, petrogenic PAH toxicity may vary considerably between individuals. However, unique petrogenic PAH metabolites identified in our cell-based studies could be used as potential human biomarkers of exposure to oil spills on an individual basis and be correlated with health effects measured longitudinally and thus inform future risk assessments.
Evidence-based risk assessment biomarker development
To this end, investigators at the University of Texas Medical Branch collected human urine samples from four cohorts that were estimated to have markedly different levels of exposure to contaminated seafood and hence petrogenic PAHs. Cohort 1: Gulfport, Mississippi (Vietnamese American Community Partner) is the high-exposure group where the Vietnamese fisher folk not only consume the seafood they catch as part of their stable diet, they eat all portions of the organisms including the soft organs known to bioaccumulate petrogenic PAHs. Cohort 2: Biloxi, Mississippi (Center for Environmental & Economic Justice) represents a predominantly African-American community that also consumes the harvested seafood but refrains from eating the potentially contaminated soft organs. This community shares the geographic locale occupied by the Vietnamese fisher folk. Cohort 3, Southeast Louisiana (United Houma Nation) constitutes a low-exposure group since incursion of the oil along this part of the Gulf coast was proportionally less; and Cohort 4, Galveston, Texas, was originally chosen as a control comparison group since this region experienced no direct impact of the DWH oil spill. Each cohort consisted of up to 100 individuals: 50 adults 20 to 55 years of age, 25 > 55 years of age and 25, between the ages of 5 to 19 years. Each participant was followed for three years.
In a convenience sample of 10 individuals from these cohorts, we found the presence of three petrogenic PAH metabolites identified through our cell-based work, in the urine of donors. These biomarkers were absent from the urine of 10 archival age-and gender-matched subjects from Philadelphia who had no history of exposure to contaminated seafood. It is worth noting that the Philadelphia (control) samples included only male samples, hence we used male (gender-matched) samples from our Gulf community cohorts. We have no evidence to suggest that the metabolic fate of the PAHs differ in females. Analysis suggested that these biomarkers had greater than 90% specificity (i.e., identify only those individuals exposed to oil) and 90% sensitivity (i.e., identify all individuals exposed to oil) and could discriminate between exposed and nonexposed groups. These studies are currently undergoing a validation study using 40 individuals from the GC-HARMS study and 40 individuals from the archival set. If the validation study is positive, these biomarkers could be used to specifically assess exposure to petrogenic PAHs in future epidemiological studies. 
Measuring PAH bioactivity in seafood extracts
Given the complexity of the petrogenic PAH profile in crude oil (Figure 2 ), their metabolic fates following uptake by marine organisms ultimately consumed as seafood, and the lack of toxicity data, including Toxic Equivalency Quotient values for the petrogenic PAHs, we opted to use an effect-directed analysis involving the Chemical Activated LUciferase gene expression (CALUX) bioassay. The CALUX assay is based on a wellcharacterized biochemical pathway that responds to bioactive PAHs frequently associated with multiple toxic responses, 18, 24 the CALUX assay itself does not directly assess toxicity. The CALUX bioassay is an Environmental Protection Agency-approved low-cost, high-throughput method for detecting the presence of halogenated aromatic hydrocarbon and PAH contaminants in myriad different sample types. 25 Assay measurements compare readouts generated with PAH extracted from seafood samples to a standard curve of the reference compound B[a]P. The advantage of the CALUX assay over the Toxic Equivalency Quotient-based chemical analysis is that the former integrates the action of every bioactive PAH in an extract without depending on an a priori knowledge of the Toxic Equivalency Quotient for each PAH in the mixture.
Using the CALUX bioassay, we obtained relative potency values-measured as B[a]P equivalents-for PAH mixtures extracted from 432 seafood samples caught at 208 distinct locations along the Gulf coast over a four-year period ( Table 1 ). The assessment of the B[a]P equivalents using the seafood PAH extracts revealed that PAH contamination was increased in the immediate period following capping of the well head and decreased to a sustained basal level by early 2011 (Figure 4) , with oysters exhibiting the highest PAH levels ( Figure 5 ), consistent with previous observations. 26 The absence of pre-spill baseline information precludes comparison of the pre-and post-spill PAH contamination in seafood, but the levels detected after August 2011 are below the Level-of-Concern for cancer risk based on consumption patterns for the 90th percentile seafood consumers using the 2005-2006 National Health and Nutrition Examination Survey study. Using the cancer risk calculation and the parameter values described by Gohlke et al., 4 we determined a maximum daily B[a]P equivalents oral exposure value (ng B[a]P equivalents/kg body weight/day) for Gulf of Mexico near-shore seafood. This maximum B[a]P equivalents oral exposure value was used to develop a proposed seafood consumption guideline calculator (https://www.utmb.edu/scg/) that integrates several variables, including empirically derived seafood B[a]P equivalents (in ng/g seafood for finfish and shellfish), body weight (in pounds), duration of exposure (in years), risk level (ranging from a high of one-in-ten-thousand to a low of onein-a-million increase in cancer incidence), and frequency of seafood consumption (in days/week). Conceptually, the consumption guideline calculator was designed for use as a personal seafood consumption guideline based on an individual's risk tolerance, consistent with messaging expectations of our community partners. As with any risk assessment, it is important to note these consumption guidelines do not account for other sources of PAH contamination, which may be considerable depending on individual diet, tobacco use, local environment, and a plethora of other lifestyle choices. For example, there are reports that grilled and smoked food, in particular meats, can contain myriad PAHs; this includes commercially available smoked meat products. 7, 27, 28 Studies have also shown that cigarette smoke is another substantial source of PAH contamination. 29 Consequently, these other sources of PAH exposure should ideally be factored in when addressing an individual's seafood consumption. The consumption guideline calculator focused exclusively on cancer risk, not other potential PAH-induced adverse health outcomes.
Communicating risk assessment
Risk assessment as described by the National Academies red book has four elements: risk identification, risk characterization; risk management; and risk communication. In subsequent iterations, it also included vulnerable populations, for example, women and children. 30 Using this rubric, we can ask where do we stand in risk assessment of large oil spills to human health. Risk characterization requires estimates of the Margin-of-Exposure to petrogenic PAHs. The Margin-of-Exposure is calculated using the Level-of-Concern (the level which if exceeded would cause harm in humans) divided by the estimates of exposure. The larger the Margin-of-Exposure, the greater the safety factor. The Level-of-Concern, and thus risk, of an adverse health outcome can vary depending on the end point chosen, be it cancer or a non-cancer end point.
Risk perception is a subjective evaluation of potential for harm that aids people in negotiating the uncertainties and potential dangers of life. 30 Communicating risk must incorporate risk perception including both cognitive and emotional components in order to be effective. Communicating risk in the context of the GC-HARMS project posed challenges in that the science was evolving and included a fair degree of uncertainty. In addition, the target audiences spanned a large geographic area covering Louisiana, Mississippi, and Alabama. In our case, the affected Gulf communities included Vietnamese, native American, African American, and white communities. These communities represented substantially different demographics with distinct fish consumption and preparation habits that were informed by cultural values and practices. Clearly, a single method of risk communication would not suffice for all groups.
Risk communication strategies needed to be tailored, and we recognized that we did not inherently possess the skills and cultural understanding to accomplish this alone. From the outset, a CBPR process was used. We engaged key community leaders as partners in the entirety of the research process. 31 We recognized that the success of the project required bi-directional engagement by all stakeholders. Together with the community partners, we established goals, processes, outcomes, and communication strategies. Just as we hoped to become more culturally literate, we recognized that we needed to develop the communities' environmental health literacy. We engaged the fishermen from each community and taught them how to process seafood samples for study from their catch and secure a chain of custody of the samples. In so doing, they learned about the scientific method, the toxicological principles, and developed trust in the process. The fishermen received results of their specific catch and became well informed and trusted local science resources for their communities.
From the beginning, our community partners had specific questions in mind. Is the seafood safe to eat and sell? What are the risks of exposure to petrogenic PAHs? One of the challenges for our research project was the dearth of information regarding the toxicity of petrogenic PAHs. The GC-HARMS program was unique among the National Institute of Environmental Health Sciences DWH consortia components by studying the bioactivity of the petrogenic PAH mixtures extracted from seafood samples, and the metabolic fate of the PAHs including the potential toxicity of the metabolites. As a consequence, our findings produced a more nuanced risk assessment message distinct from that voiced by others who, based solely on seafood PAH levels in the absence of Toxic Equivalency Quotient data, determined that the seafood was safe for consumption. Communicating this difference and the rationale for the distinction was critical. With partners in place, key principles of risk communication were employed to design the risk communication messages. Nevertheless, the message needed to incorporate scientific uncertainties, including unknown individual PAH body burdens due to seafood consumption and the potential for PAH exposures from other sources, remained one of the most important challenges to our efforts. People dislike uncertainty, so the risk communication needed to account for this. It is not that people are unwilling to accept risk, sometimes they are willing to accept great risk because they understand it and they recognize great value and benefit from the risky endeavor. However, when the risk is less well understood or the benefit is less clear, people become more concerned about the risk. 32 Risk perception of unfamiliar risk can lead to a variety of actions depending on the individual. People may ignore unfamiliar risks, feel apathetic about them and take no action on their own behalf. Conversely, people may worry excessively about an unfamiliar risk and adopt counter-productive responses. 33 Our goal in risk communication was to encourage positive action by providing an understanding of risk of harm to health without engendering fear that they might abandon fish consumption. The challenge for effective risk communication is to move risk perception out of the realm of apathy or panic to a level of interest and understanding that promotes a more constructive action. There are a number of characteristics of risk that can lead individuals to overestimate the risk by engaging the emotional aspects of risk perception. These include sources of risk that are industrial, controlled by others, handled in an unreliable way, or handled by individuals or an organization that has already proven to be unreliable. They are often risks that are unknown or involuntary. The perception of risk by residents of the Gulf coast affected by the DWH oil spill was influenced by the characteristics of risk that would tend to enhance the emotional aspects of risk perception. The spill was industrial, clean up would be managed by a large foreign company under the guidance of government agencies, and conflicting information was being provided to the population through a variety of sources regarding recommendations and risk estimates (FDA, EPA, state, and local health agencies). The individual's value system, including respect for others' welfare and feelings, a sense of fairness, and responsibility that are communicated by both words and actions drive risk perception. Hence, discrepancies in the information, a lack of communication or inadequate communication, and communication deemed untrustworthy tended to offend values. As a result, public perception that risk is not managed in a responsible manner may result in outrage. In our stakeholder Gulf coast communities, a number of factors tended to increase the likelihood of outrage. Many of the communities were marginalized due to race, ethnicity, language, education, or socioeconomic status. They were already environmentally overburdened by heavy industry, recent natural disasters (hurricanes Katrina, Rita, and Gustav), and they often lacked access to physicians with environmental exposure expertise to help them differentiate symptoms associated with chemical exposures from symptoms due to other causes. 34 When designing the content for the risk communication message for our seafood study, we needed to clarify that the information we were providing was specific for one group of contaminants-the seafood-derived petrogenic PAHs. No other contaminants were tested in our study, although individuals should consider other contaminants-most notably heavy metals such as mercury-when making a determination about safe seafood consumption practices. We became aware that there were very specific cultural and regional patterns of seafood consumption that fluctuated seasonally and often exceeded recommended portion sizes. Our goal was to avoid unnecessary fear or unrealistic reassurance while still considering vulnerable populations, such as pregnant women, young children, and people with medical problems who may be impacted. At the same time, it was very important to consider the economic burden on individuals whose livelihood was dramatically affected by the oil spill. The cultural impact of consumption restrictions often needed to be considered given the heavy reliance on seafood for some cultures. One of the harms that we sought to avoid was instilling excessive concerns leading to cessation of all seafood consumption, which is known to be harmful for pregnant women in particular. We identified the following key messages:
1. Some petrogenic PAHs in oil are hazardous to people. 2. Some petrogenic PAHs change into other chemicals that are hazardous to people. 3. Some people may be more susceptible than others to the harmful effects. 4. Standard tests used for petrogenic PAHs do not detect the metabolites that may be harmful. 5. Seafood testing over several years after the spill detected a stable level of petrogenic PAHs that is reflective of the pre-spill PAH levels detected through the NOAA Mussel Watch program.
6. Oil continues to be released into the Gulf through natural events (oil seeps) and from anthropogenic activities including oil industry transportation processes and urban runoff.
Conclusion
We endeavored to provide our community partners with the insights that would allow them to identify safe seafood consumption practices. We reinforced the understanding that seafood is an important part of a healthy diet, and we generated a Web-based consumption guideline calculator to help individuals determine a safe amount of seafood based on a calculable cancer risk. Several principles of toxicology were incorporated into the calculator, including body weight, frequency and duration of consumption, and the self-selected risk level. We used the Paling Perspective Scale 35 to help communities conceptualize the risk of eating seafood with lifetime risks associated with consuming other familiar items such as alcohol, peanut butter, and hamburgers. In addition, the calculator uses empirically derived toxic equivalences in the various shellfish and finfish in the Gulf of Mexico, hence its use is only applicable to seafood harvested in the Gulf coast region. Moreover, the seafood calculator was described to community members as a dynamic tool that will evolve and be revised as our toxicological understanding of other adverse health effects due to petrogenic PAH exposure matures.
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